We present evolutionary calculations of a 0.9 M 0 metal-poor star in which the outer layers are artificially mixed throughout the main-sequence lifetime. For the case where the mixed region contains 85 % of the mass of the star, evolution toward the subgiant branch is relatively unaffected but no significant enhancement of the surface nitrogen abundance occurs. Alternatively, for the case of deeper mixing, significant surface nitrogen enhancements are produced but the star evolves as a blue straggler and does not become a red giant in a normal way. Thus the observations of large nitrogen abundance variations among main-sequence stars and subgiants in the globular cluster 47 Tue are unlikely to be the result of deep envelope mixing on the main sequence. Mixing at an advanced phase of evolution and mass transfer in close binaries also seem unlikely. We conclude therefore that the most plausible explanation of the observed variations is that they are primordial in origin, that is, they reflect the presence of nitrogen abundance inhomogeneities in the protocluster gas cloud.
I. INTRODUCTION Hesser and Bell (1980) have recently provided evidence for variations in nitrogen abundance of a factor of 5 among main-sequence stars in the globular cluster 47 Tue. They conclude that it is most likely that these abundance variations are primordial in origin. However, it is also sometimes argued (see, for example, the discussion of Hesser and Bell 1980 ) that a still unknown mixing mechanism could explain the observed inhomogeneities. Because of the importance of this problem, we examine critically here the mixing hypothesis in the light of our current understanding of stellar structure.
In § II we review the predictions of the standard theory for the surface nitrogen abundance of low-mass (M < 1 Mq) metal-poor stars. In § III, we investigate several possible modifications to this standard evolution that might be expected to produce substantial surface nitrogen enhancements in main-sequence stars. The modifications considered include a study of the evolution of a star in which mixing between the surface and the interior is artificially induced throughout the mainsequence lifetime. However, neither this modification nor any of the others considered can be made consistent with all of the available observations of 47 Tue. We conclude therefore, in § IV, that primordial variations in nitrogen abundance from star to star within this cluster are the most likely explanation of the observations.
II. STANDARD EVOLUTION OF LOW-MASS METAL-POOR
STARS Standard evolutionary tracks reproduce satisfactorily the evolution of globular cluster stars near the main sequence. However, the same standard models do not predict any mixing into the surface layers of CNO processed material until the star reaches the giant branch Sweigart and Gross 1978; Vanden Berg and Demarque 1981) .
Consider the case of a star with a mass of 0.9 M 0 , a reasonable upper limit for the mass of a main-sequence star in 47 Tue, and with a metal abundance Z = 0.004. This value of Z would have been considered low on the old metal abundance scale where [Fe/H] ~ -0.5 for 47 Tue (Hesser, Hartwick, and McClure 1977; Lee 1977; Zinn 1980 ), but it is an overestimate according to recent spectroscopic measurements that indicate [Fe/H] ~ -1.0 (Pilachowski, Canterna, and Wallerstein 1980; Cottrell and Da Costa 1981) . On the zero-age main sequence, the energy within this star is generated almost entirely by the p-p chain; the fraction contributed by the CNO cycle (3 x 10" 5 ) is negligible and concentrated to the very center of the star.
By the time the star has evolved to the turnoff point, defined here as the maximum in effective temperature, the CNO cycle dominates the energy production in the inner 1 % of the mass and produces 7 % of the total energy of the star. Within the inner 30% of the star's mass, essentially all the carbon has been processed to nitrogen, but only in the very center of the star has any substantial processing of oxygen occurred. This is illustrated in Figure 1 , where the C, N, and O abundances in the interior of this star relative to their surface values are plotted against mass fraction.
1 It is clear from this figure   1 It should be noted that in stars with masses less than 0.9 M 0 , the amount of CNO processing will be less than that illustrated in Fig. 1 because of the smaller contribution of the CNO cycle to the energy generation in such stars. DA COSTA AND DEMARQUE Vol. 259
Fig. 1.-The abundances of carbon, nitrogen, and oxygen relative to their surface abundances are plotted against mass fraction for a 0.9 M 0 star at the maximum effective temperature reached during main sequence evolution.
that if a mixing event were to occur, the surface enhancement in nitrogen would be small (factor ~ 2.5), certainly smaller than the factors of 5 or greater enhancements observed on the main sequence in 47 Tue (Hesser and Bell 1980) . A greater enhancement could be produced if the initial N/C abundance ratio in the model was less than the solar value assumed. However, the limited data available indicate an initial N/C abundance ratio for the "CN-weak," i.e., presumably unmixed, giants in 47 Tue consistent with the solar value if [Fe/H] ~ -1.0 for this cluster (Cottrell 1981, private communication) . Consequently, we shall retain the solar value in the subsequent calculations. It might also be argued that these standard models underestimate the contribution of the CNO cycle to the energy generation. We believe, however, that this is unlikely because the low observed flux of energetic solar neutrinos constrains the contribution of the CNO cycle to the energy generation in the sun to less than 5 % of the total, in agreement with the predictions of standard models (Bahcall and Sears 1972) .
The consequences of a sudden mixing event at or near the turnoff will in any case be discussed in § III. However, using standard velocities for meridional circulation currents, mixing does not occur during this phase of evolution since the gradient in helium abundance set up by hydrogen burning is believed to be sufficient to inhibit the circulation (Fricke and Kippenhahn 1972; Paczyñski 1973) . Thus the helium-rich material produced near the center of the star cannot reach the surface.
The first opportunity for mixing to the surface occurs when the star nears the base of the giant branch. At this point, the surface convection zone deepens and reaches a maximum depth in terms of mass at log L/L o ~ 1 -2. Helium is dredged up into the convective envelope which is enriched by AT ~ 0.02. This also results in a helium discontinuity between the bottom of the convective envelope and the radiative layer below it which remains behind as the mass of the convective envelope decreases. A small increase (a factor of about 1.3) in the surface nitrogen abundance also occurs at this time, but further nitrogen enrichment through continuous mixing seems unlikely at this point. Even though there may be rotation in the region between the hydrogen-burning shell and the surface convection zone, circulation currents are again expected to be damped by the helium abundance gradient.
At a later stage, when log L/L 0 ~ 1.5, the hydrogen shell burns through the helium discontinuity, and the composition step disappears. have argued that if any angular momentum has been preserved in the stellar envelope, then meridional circulation could at this point be responsible for a gradual enrichment in surface nitrogen at the expense of carbon and in some cases of oxygen also. This mechanism may have been observed among halo red giants (see the reviews by Kraft 1979 and McClure 1979) . It may also provide an explanation for the weak G-band effect observed among globular cluster asymptotic giant branch stars (Zinn 1973) . However, the Sweigart-Mengel theory cannot account for variations in CN strength at luminosities well below that of the horizontal branch.
To sum up, the standard theory of stellar structure does not predict any surface enhancement of nitrogen during the main-sequence evolution of low-mass globular cluster stars. Further, since the energy generation in these stars is dominated by the p-p chain, the amount of CNO burning that occurs appears to be insufficient to explain the 47 Tue observations (Hesser and Bell 1980) even if the processed material could be mixed into the surface layers.
III. NONSTANDARD EVOLUTION
We now consider possible modifications to the evolution of low-mass metal-poor stars that might lead to large surface nitrogen enhancements. The simplest modification is to suppose that meridional circulation (or some other mixing process) is not inhibited by the molecular weight gradient or is too rapid to allow a molecular weight gradient to build up, so that mixing between the surface and the interior of a star can occur throughout the main-sequence lifetime.
To investigate the effect of this modification, we have calculated the evolution of main-sequence stars in which the entire region extending from the surface to a mixed fraction q mix , is arbitrarily mixed.
2 The basic parameters (M, T, Z) = (0.90,0.25, 0.004) remained the same as the model described in the previous section while q mix was chosen to be sufficiently small so that the surface layers were mixed into the region where CN processing occurs in an unmixed star (cf. Fig. 1) . In calculating the models, mixing was assumed to occur instantaneously at each time step. The approach to equilibrium of the CNO cycle was considered in detail, and the p-p chains were assumed No. 1, 1982 N VARIATIONS IN 47 TUC 195 to have reached equilibrium at each point. The local temperature gradient was set according to the Schwarzschild criterion in the usual manner. The evolutionary tracks for the models with <gf mix = 0.15 (track B) and q mix = 0.03 (track C) are shown in Figure 2 together with the track for the standard model (track A). The tracks for the mixed models are labeled with the factors by which the surface nitrogen abundance has been enhanced over its initial value.
For the case of q mix = 0.15, the results are somewhat unexpected (cf. Fig. 1 ) in that no significant enhancement of nitrogen abundance occurs while the star is on or near the main sequence. This result, however, has a simple explanation ; in this model the temperature at any point within the mixed region is slightly lower than at the corresponding point within the unmixed model. Consequently, because of the strong temperature dependence of the CNO cycle reaction rates, less CN processing occurs. In fact, this result is similar to the well-known more general result that the addition of any finite nonthermal pressure, for example that which results from the presence of rotation or magnetic fields, to a stellar model, leads to a decrease in the temperature of the nuclear burning regions and hence to a decrease in the rate of nuclear processing (see, for example, Saio and Wheeler 1980).
For the model with the smaller value of q mix , significant enhancements in the surface nitrogen abundance are produced, but at the same time the mixing process feeds fresh hydrogen from the surface layers into the energy generating regions. The main-sequence lifetime is thus prolonged, and, as shown in Figure 2 , the star evolves into the blue straggler region of the H-R diagram and not into the subgiant region. This is in clear disagreement with the pattern of evolution of the CN-enriched stars in 47 Tue (Hesser 1978) . Further, inspection of the C-M diagram for 47 Tue (Hesser and Hartwick 1977 ) reveals a paucity of stars in the blue straggler region. Thus, it appears that evolution with continuous mixing probably does not occur in 47 Tue, though such evolution may offer an explanation of the blue stragglers found in other globular clusters.
Figure 2 also shows the result of a sudden complete mixing event occurring at the main-sequence turnoff. Though the surface abundance of nitrogen is enhanced, the star does not return to its original position on the main sequence. Further, because fresh hydrogen is again supplied to the central regions, the star does not become a subgiant. Instead it evolves in a similar manner to the models with small values of q mix into the blue straggler region of the H-R diagram. This blueward evolution, however, could be offset if the sudden mixing process is also accompanied by substantial ( >0.3 M 0 ) mass loss, a possibility about which we can make no comment given the ad hoc nature of the assumed sudden mixing process.
Another possibility is accretion onto the surface of a main-sequence star of material that has been enriched in nitrogen in a giant star envelope, by mass transfer in a binary system. It is marginally possible under favorable orbital circumstances for a red giant to transfer as much as 0.3 M 0 to a main-sequence companion of low mass (Mengel, Norris, and Gross 1976) . To produce a fivefold nitrogen enrichment in the atmosphere of the mainsequence star, however, requires that practically all of the carbon and oxygen in the envelope of the giant be converted into nitrogen. Further, since the CN-strong main-sequence stars seem to be as common as those with weak CN (Hesser and Bell 1980) , the application of this hypothesis to 47 Tue requires a high frequency of binaries. The high central concentration of this cluster, however, makes this an unlikely possibility (Renzini, Mengel, and Sweigart 1977; Trimble 1980) . In addition, a high frequency of mass exchange binaries gives rise to a population of blue stragglers ; as mentioned above, such a population is not observed in 47 Tue. Thus it appears that mass transfer in binary systems is also ruled out.
One might also consider the effects of a possible partial or total mixing of a star at the core helium flash. Hypothetical models have been constructed that describe such partially or totally mixed stars (Rood 1970; Smith and Demarque 1980) , but few of the resulting configurations resemble globular cluster main-sequence stars. Most eventually fall into the blue straggler region of the H-R diagram. However, if once more the total mixing event is accompanied by substantial mass loss ( > 0.3 M 0 ), the models indicate that the star returns to the vinicity of a globular cluster main-sequence turnoff and subsequently evolves to become a subgiant. Standard calculations do not predict this mass loss at the core flash (Tomasko 1970; Demarque and Mengel 1971) , and for this reason Smith and Demarque (1980) rejected full mixing as an explanation of the field subgiant CH stars. In the light of recent two-dimensional hydrodynamical calculations of the core flash Deupree and Cole 1981) , however, this conclusion must be revised, and it now appears possible that the CH subgiants and even the CH stars with luminosities comparable to those of globular cluster turnoffs (Sneden and Bond 1976; Eggen 1977 ) have a natural origin in complete mixing at the core flash.
If the carbon brought to the surface by this event could be processed to nitrogen, then perhaps the CNstrong main-sequence stars in 47 Tue could be explained in this way. However, we consider this possibility unlikely for the following reason. As mentioned above, the observations of Hesser and Bell (1980) indicate that large nitrogen abundance variations are relatively frequent among main-sequence stars in 47 Tue. This implies that if these CN-strong stars are to be explained as the products of complete mixing at the core flash, then a significant fraction of the red giants in 47 Tue must undergo this process and return to the vicinity of the turnoff rather than becoming horizontal-branch stars. But Lee (1977) has shown that the ratio of the number of horizontal-branch stars to the number of red giants in 47 Tue is normal. Thus we conclude that although complete mixing at the helium core flash may occur, it is not likely to be the principal cause of surface nitrogen abundance variations among main-sequence stars in 47 Tue.
Finally, another mixing mechanism that has been postulated is that caused by (hypothetical) hydrogen shell flashes in low-mass stars (Dearborn, Bolton, and Eggleton 1975) . Even in the most favorable cases, this mechanism does not produce surface nitrogen abundance variations at luminosities below that of the base of the giant branch and is thus not applicable to main-sequence stars in 47 Tue.
It appears, then, that we must conclude that the observations of Hesser and Bell (1980) are unlikely to be the result of any type of internal mixing process or the result of mass exchange in binaries.
IV. DISCUSSION
We have demonstrated in the previous section that it appears unlikely that the observations of large nitrogen abundance variations on the main sequence of 47 Tue (Hesser and Bell 1980) can be explained by mixing processes or by mass transfer in binaries. Thus the original conclusion reached by Hesser and Bell (1980) , that the abundance variations are primordial in origin and thus reflect nitrogen inhomogeneities in the protoVol. 259 cluster gas out of which the cluster stars formed, is strengthened. Indeed, several independent pieces of evidence now point toward this conclusion. Cottrell and Da Costa (1981) found from the analysis of echelle spectra of four 47 Tue giants that the CN-strong stars possess enhanced sodium abundances relative to the CN-weak stars. Since sodium is not produced in the interiors of globular cluster giants, the sodium abundance variations are necessarily primordial in origin. This connection between presence of sodium anomalies and enhanced CN strengths, which has now been confirmed from a larger sample of stars (Da Costa 1981; Lloyd Evans, Smith, and Menzies 1981) , indicates strongly that the cyanogen variations also have a primordial origin. The bimodal, rather than continuous, distribution of CN strength on the giant branch and the presence of a radial gradient in CN strength in 47 Tue (Norris and Freeman 1979) are also more easily understood in terms of primordial abundance variations than as a result of mixing processes.
Thus, taken together, these results make a strong case for a primordial origin for the abundance peculiarities in 47 Tue, and a number of possible primordial enrichment processes have been described (Norris 1980; Cottrell and Da Costa 1981; Carbon et al. 1982; Smith and Norris 1981) . It is not our purpose to discuss the merits of these processes here, but one point deserves some attention. In clusters that were weakly bound at the time of their formation, it is likely that these nitrogen enrichment processes would have been less important because of the generally lower gas and star densities. Thus CN variations may have been rarer and less pronounced among the stars in these low-central-concentration, low-mass clusters. Such clusters are unlikely to have survived to the present epoch (e.g., Fall and Rees 1976). Consequently, if the majority of the high-velocity field stars originated as members of these now disrupted clusters, then the apparent lack of high-velocity field dwarf analogs to the 47 Tue CN-strong main-sequence stars (Clegg 1977 ; Hesser and Bell 1980 ) is naturally explained. It is the result of the lack of large nitrogen abundance inhomogeneities in the more loosely bound clusters in the early galactic halo.
